Abstract-Although indexes of wave reflection enhance risk prediction, the extent to which measures of aortic systolic pressure augmentation (augmented pressures [Pa] or augmentation index) underestimate the effects of reflected waves on cardiovascular risk is uncertain. In participants from a community sample (age >16), we compared the relative contribution of reflected (backward wave pressures and the reflected wave index [RI]) versus augmented (Pa and augmentation index) pressure wave indexes to variations in central aortic pulse pressure (PPc; n=1185), and left ventricular mass index (LVMI; n=793). Aortic hemodynamics and LVMI were determined using radial applanation tonometry (SphygmoCor) and echocardiography. 
A lthough pulse pressure measured at the brachial artery is closely correlated with central aortic pulse pressure (PPc), pulse pressure may be considerably higher in brachial arteries as compared with the aorta.
1,2 A key determinant of PPc is an increase in aortic wave reflection, which enhances backward wave pressures (Pb) and hence augments aortic systolic blood pressure (BP) if returning to the ascending aorta sufficiently early. 1, 2 An enhanced aortic wave reflection is thought to be a major cause of cardiovascular damage. Indeed, several studies have demonstrated that aortic augmented pressures (Pa), augmentation index (AIx), and indexes of wave reflection are associated with cardiovascular outcomes [3] [4] [5] [6] [7] and end-organ damage [8] [9] [10] [11] [12] independent of brachial BP. However, more recently the use of Pa or AIx as indexes of wave reflection in risk prediction has been challenged. [13] [14] [15] [16] [17] [18] Marked overlap between aortic forward and reflected waves may confound Pa and AIx 14, [16] [17] [18] and hence these measures may be poor indexes of wave reflection. Indeed, there is a weak relationship between the magnitude of the reflected wave and Pa or AIx with increases in aortic reservoir function, the timing or magnitude of the forward (Pf) or incident (Pi) wave pressures, and left ventricular systolic function playing a more important role than wave reflection in contributing to variations in Pa and AIx. [13] [14] [15] [16] [17] [18] More recent studies have, therefore, focussed on the role of reflected waves (Pb and reflected wave index [RI] ), as determined using wave separation analysis, as independent determinants of age-related increases in PPc or cardiovascular damage. [19] [20] [21] [22] However, in these studies [19] [20] [21] [22] the extent to which Pb or RI are more closely associated with PPc or cardiovascular damage than Pa or AIx is uncertain. In this regard in these studies, relations with end-organ damage were not adjusted for confounders; 19, 21 discrepancies in the index of wave reflection that was better associated with end-organ damage beyond Pf were noted 19, 21 ; whether the increase in Pf at
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50 years of age affects these relations was not considered [19] [20] [21] ; and Pf rather than Pb was reported to be the main determinant of PPc in a community sample with a high prevalence of wellcontrolled BP values. 22 To clarify the extent to which indexes of aortic systolic pressure augmentation underestimate the effect of wave reflection on cardiovascular disease, in this study we, therefore, aimed to evaluate, in a large communitybased sample with a high prevalence of uncontrolled BP, the degree to which Pb or RI are more closely related to multivariate adjusted increases in PPc and left ventricular mass index (LVMI) beyond Pf than Pa or AIx, and whether these effects are age-or sex-specific.
Methods

Study Group and Clinical, Demographic, and Anthropometric Measurements
This study was conducted according to the principles outlined in the Helsinki declaration. The Committee for Research on Human Subjects of the University of the Witwatersrand approved the protocol (approval number: M02-04-72 and renewed as M07-04-69 and M12-04-108). Participants gave informed, written consent. Briefly, 1185 participants from families of black African descent (Nguni and Sotho chiefdoms) with siblings >16 years with central hemodynamic measurements were randomly recruited from the South West Township (Soweto) of Johannesburg, South Africa. In a substudy, 793 participants had LVMI determined using echocardiography. For clinical, demographic, and anthropometric measurements see online-only Data Supplement for further details.
Pulse Wave Analysis
Central aortic systolic BP, PPc, Pi, Pa, and AIx were estimated using radial applanation tonometry and SphygmoCor software as previously described. 12 See online-only Data Supplement for further details. Pb and Pf were determined using SphygmoCor software, which separates the aortic waveform using a triangular flow wave. 23 RI was determined as previously described. 15 
Echocardiography
Left ventricular mass and stroke volume were determined from transthoracic 2-dimensional targeted M-mode echocardiographic images obtained in the parasternal long-axis view as previously described 12 (see online-only Data Supplement for further details).
Data Analysis
For database management and statistical analysis, SAS software, version 9.1 (SAS Institute Inc, Cary, NC) was used. To determine relationships, multivariate regression analysis was performed with appropriate adjustments. Adjustments included in multivariate models were those correlated with central hemodynamic variables or LVMI in bivariate analysis. To assess the relative contribution of incident and augmented waves to variations in PPc, in stepwise regression analysis, Pi and AIx were included in multivariate models. AIx rather than Pa was included in the same regression model with Pi to avoid the confounding effect of forward wave amplitude on the amplitude of the augmented wave. 22 To determine probability values, further adjustments for nonindependence of family members was performed using nonlinear regression analysis (mixed procedure as defined in the SAS package). As a sharp age-related increase in Pf and Pi occurred between 40 and 50 years of age, relationships between aortic hemodynamic variables and PPc or LVMI were evaluated in participants < or ≥50 years of age. To ensure that relationships occurred independent of the use of antihypertensive therapy, sensitivity analysis was conducted in participants not receiving antihypertensive therapy. Regression coefficients were compared with z statistics.
Results
Characteristics of the Participants
The clinical and demographic characteristics of the participants are shown in Table 1 ; 1.9% of participants had a history of cardiovascular disease. Importantly, a high proportion (45.9%) of participants had hypertension and 47.2% of 
Age-Related Increases in Aortic Hemodynamics
See online-only Data Supplement .
Relative Independent Contribution of Reflected Versus Forward Waves to Variations in PPc
When included in separate models (Table S4 in the onlineonly Data Supplement) or in the same multivariate stepwise models ( Figure 1 ) in participants either < or ≥50 years of age, a stronger relationship was noted between RI and PPc or Pb and PPc than between Pf and PPc or AIx and PPc. In contrast, a stronger relationship was noted between Pi and PPc, than between Pa and PPc (Table S4) or between AIx and PPc (Table S4; Figure 1 ). With RI and AIx in the same multivariate model, a distinctly stronger relationship was noted between RI and PPc than between AIx and PPc ( Figure 1 ). Similar differences in the relative contribution of reflected versus forward wave indexes to variations in PPc were noted in women and men (Table 2; Table S5 ). Similar findings were noted in participants not receiving antihypertensive therapy (Tables  S6 and S7 ). Stroke volume was modestly correlated with PPc (r=0.20, P<0.0001). With the inclusion of stroke volume in multivariate models, similar differences between aortic hemodynamic-PPc relations were noted (Table S8 ).
Comparison of Independent Relations Between Aortic Hemodynamics and LVMI
In participants <50 years of age, Pb was more closely associated with LVMI ( Figure 2 , upper panel; Table S9 ) than Pf and in a multivariate model with Pb and Pf in the same model, Pb (partial r=0.31, confidence interval=0.24-0.38, P<0.0001), but not Pf (partial r=0.01, confidence interval=−0.06 to 0.08, P=0.72) was independently associated with LVMI. In contrast, however, Pa showed similar associations with LVMI as did Pi ( Figure 2 , upper panel; Table S9 ). In addition, RI was more closely associated with LVMI than AIx ( Figure 2 , upper panel; Table S9 ). In participants ≥50 years of age, Pb, but not Pf was independently associated with LVMI ( Figure 2 , lower panel; Table S9 ). In contrast, however, Pi, but not Pa was independently associated with LVMI ( Figure 2 , lower panel; Table S9 ). In participants ≥50 years of age RI, but not AIx was independently associated with LVMI-height 1.7 (Table S9 ), but neither RI nor AIx were independently associated with LVMIbody surface area (Figure 2 , lower panel). Similar differences in the relative contribution of reflected versus forward wave indexes and LVMI were noted in men and women (Table 3) . Importantly, although the relations between Pa or AIx and LVMI were stronger in men than in women (P=0.01 to 0.0002 for comparison of r values; Table 3 ), these differences were (Table 3) . Similar findings were also noted in participants <50 years of age not receiving antihypertensive therapy (Table S10 ). There were too few participants (n=151) ≥50 years of age not receiving antihypertensive therapy to compare relationships between aortic hemodynamics and LVMI. Stroke volume was correlated with LVMI (r=0.64, P<0.0001). However, with further adjustments for stroke volume, relative differences in relations between reflected versus forward wave indexes and LVMI were retained (Table S11) .
Discussion
The main findings of this study are as follows: In a large (n=1185), community-based sample of African ancestry, independent of confounders including mean arterial pressure (distending pressures), reflected waves (RI or Pb) accounted for more of the variation in PPc and LVMI than did Pf, whereas Pi accounted for more of the variation in PPc and LVMI than did aortic systolic pressure augmentation (AIx or Pa). The marked contrasting contributions of indexes of reflected waves, RI or Pb and AIx or Pa, as compared with Pf and Pi toward variations in PPc and LVMI were noted below as well as above the age threshold (50 years) when Pf or Pi began to increase as well as in women and men considered separately.
Several previous studies have reported on a relatively greater contribution of Pa as compared with Pi to age-related increases in PPc.
24-26 However, it is now recognized that Pa may be confounded by considerable overlap between forward and backward waves and that there is a poor relationship between the magnitude of the reflected wave and Pa. [13] [14] [15] [16] [17] [18] Indeed, Pa may be determined in large part by Pf. 16 Nevertheless, studies which have used approaches to separate Pb from Pf, suggest that Pb contributes little to age-related increases in PPc. 22, 27 These studies were nonetheless conducted either in a sample where BP values were largely well-controlled 22 or in a sample with a narrow age range. 27 In contrast, using wave separation analysis in this study conducted in a community sample with a wide age range and with a high prevalence of uncontrolled hypertension, we show that Pb has a far stronger relationship with PPc than Pf, and that these associations occurred irrespective of age and independent of sex. Hence, this study provides the first direct evidence to show that across the adult lifespan of a community sample with poorly controlled hypertension, in both women and men reflected waves account for more of the variation in PPc than do Pf and that indexes of aortic pressure augmentation underestimate the contribution of aortic wave reflection to variations in PPc.
A few previous studies have suggested that indexes of reflected waves derived from wave separation analysis (Pb or RI) are more closely associated with end-organ damage than Pa indexes (Pa and AIx). 19, 21 However, in neither study were these comparisons made with adjustments for confounders. Hence, the differences reported on 19 may be attributed to confounders including distending pressures and heart rate. Moreover, in neither study 19, 21 were comparisons of relations made in age-specific categories, despite increases in Pf occurring only later in life. Furthermore, in 1 study 21 no comparisons were made between correlation coefficients and similar relations were noted between reflected wave indexes derived from wave separation analysis and end-organ changes as compared with relations between indexes of aortic systolic pressure augmentation and end-organ changes. 21 In this study, we provide clear evidence that relations between indexes of wave reflection and LVMI were markedly stronger than Pf effects, whereas indexes of aortic systolic pressure augmentation considerably underestimated the contribution of reflected as compared with Pf.
As age-related increases in AIx occurred in those less than, but not greater than 50 years of age, a lack of relationship between AIx and LVMI in those >50 years of age is not unexpected. However, Pa increased across the full adult age range, and yet, in those >50 years, reflected, but not augmented wave pressures accounted for variations in LVMI. Thus, without the use of wave separation analysis, even when indexes of pressure augmentation that increase with age across the full adult lifespan are used, the effect of reflected wave function on endorgan changes may be markedly underestimated.
As previously demonstrated, 28 the assumptions intrinsic to the use of the triangulation method of aortic wave separation are not ideal. However, this approach produces correlations between reflected wave indexes derived from the triangulation method and actual aortic flow waveforms (r 2 =0.55) that are considerably stronger than between AIx and indexes derived from actual aortic 28 Thus, the triangulation method of wave separation is better than augmentation indexes at identifying reflected wave effects. Despite using a relatively imprecise method of identifying reflected wave magnitude and index, we were still able to show that indexes of aortic wave reflection were more closely associated with PPc and LVMI than Pf, whereas indexes of aortic pressure augmentation showed weaker associations than Pf with PPc and LVMI. Hence, this study provides evidence that improved measures of wave reflection are indeed better than augmentation indexes at detecting relations between reflected wave effects and both PPc and LVMI. Dobutamine, which enhances PPc through increases in myocardial contractility and stroke volume, largely increases Pf. 29 In contrast, norepinephrine, which augments PPc through marked vasoconstriction, mainly increases Pb but does not produce as much of an increase in PPc. 29 Furthermore, increases in Pf may account for more of the increment in PPc in hypertensives than reflected wave pressures. 29 It has, therefore, been suggested that Pf, mediated by increases in stroke volume may be more important than reflected wave pressures in determining variations in PPc in hypertension. 29 However, as in this and previous 26,27 studies where no increase 27 or only modest increases (this study) in stroke volume were noted with increasing age, or where stroke volume contributed little to variations in PPc, 26 increases in stroke volume are unlikely to explain a significant proportion of age-related increases in PPc. Moreover, norepinephrine-induced effects on aortic reflected waves 29 are more likely to represent the hypertensive state where a major effect on BP is through increases in vascular smooth muscle tone. Furthermore, in this study the greater effect of Pb as compared with Pf on variations in PPc and LVMI were replicated even when stroke volume was included in multivariate-adjusted analysis.
Previous studies have demonstrated that the effect of aortic pressure augmentation on end-organ changes 12 or cardiovascular outcomes 19 is attenuated in women as compared with men. In this study, we similarly show that relations between Pa or AIx and LVMI were diminished in women as compared with men. However, these differences were not attributed to disparities in reflected wave effects. Indeed, Pb or RI-LVMI relations were similar in men as compared with women. Hence, the weaker associations between augmentation indexes and cardiovascular damage in women as compared with men 12, 19 are likely to be attributed to a greater degree of inaccuracy of pressure augmentation as an index of wave reflection in women as compared with men, effects which may be attributed to sex differences in the width of the forward wave peak and the slope of the backward wave upstroke.
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Additional limitations of this study are as follows: This study was a cross-sectional design. Therefore, we cannot determine whether the age-related changes reported on are attributed to the long-term effect of age or a cumulative effect of alternative risk factors over time or whether relations between aortic hemodynamics and LVMI are indeed cause and effect. Further longitudinal studies are required to determine these effects. Moreover, in this study calibration of the radial waveform from brachial BP measurements ignores amplification of BP from brachial to radial arteries. Hence, aortic pressures are likely to have been underestimated using the current approach.
Perspectives
Although indexes of aortic systolic pressure augmentation (Pa and AIx) have been demonstrated in various populations to be independent predictors of outcomes, [3] [4] [5] [6] [7] the use of these indexes as surrogate measures of aortic wave reflection has been challenged. [13] [14] [15] [16] [17] [18] However, the extent to which reflected waves derived from wave separation analysis are more strongly related to PPc and end-organ damage than indexes of aortic systolic pressure augmentation is unclear. In this study conducted in a community sample with a high prevalence of uncontrolled hypertension, we show that reflected waves are more closely associated with PPc and LVMI than forward waves, but that indexes of aortic systolic pressure augmentation markedly underestimate these effects. These data provide support for a role of reflected wave function in mediating the adverse effects of PPc, effects which nonetheless cannot be accurately detected using indexes of aortic systolic pressure augmentation. Moreover, given the high prevalence of hypertension and related cardiovascular events in urban communities in Africa, this study suggests that approaches to decreasing age-related increases in aortic wave reflection may produce a major effect on the burden of disease in these communities. What Is New?
• The extent to which measures of aortic systolic pressure augmentation (augmented pressure or augmentation index) underestimate the effects of reflected waves on cardiovascular risk is uncertain.
What Is Relevant?
• As marked overlap between aortic forward and reflected waves may confound aortic augmented pressure and augmentation index, these measures may be poor indexes of wave reflection. Hence, recent studies have recommended the use of approaches to separate the forward and backward pressure waves.
Summary
In a community sample, with a high prevalence of uncontrolled hypertension, strikingly better relations were noted between aortic wave reflection, derived from wave separation analysis, and aortic pulse pressure or left ventricular mass index as compared with relations between aortic systolic pressure augmentation and aortic pulse pressure or left ventricular mass index. Hence, indexes of aortic systolic pressure augmentation may markedly underestimate relationships between wave reflection and cardiovascular risk.
On-line supplemental material. Methods continued
Study group, clinical, demographic and anthropometric measurements. The present study design has previously been described. [1] [2] [3] [4] A standardized questionnaire was administered to obtain demographic and clinical data. [1] [2] [3] [4] Height and weight were measured using standard approaches and participants were identified as being overweight if their body mass index (BMI) was ≥25 kg/m 2 and obese if their BMI was ≥30 kg/m 2 . High quality BP measurements were obtained by a trained nursetechnician using a standard mercury sphygmomanometer according to guidelines. 1 Korotkov phases I and V were employed to identify systolic and diastolic BP respectively and care was taken to avoid auscultatory gaps. Hypertension was defined as a mean BP≥140/90 mm Hg or the use of antihypertensive medication. Standard laboratory blood tests of renal function, liver function, blood glucose, hematological parameters, and percentage glycated hemoglobin (HbA 1C ) were performed. Diabetes mellitus (DM) or an abnormal blood glucose control was defined as the use of insulin or oral hypoglycemic agents or an HbA 1C value greater than 6.1%.
Pulse wave analysis continued. Briefly, after participants had rested for 15 minutes in the supine position, arterial waveforms at the radial (dominant arm) pulse were recorded by applanation tonometry during an 8-second period using a highfidelity SPC-301 micromanometer (Millar Instrument, Inc., Houston, Texas) interfaced with a computer employing SphygmoCor, version 9 software (AtCor Medical Pty. Ltd., West Ryde, New South Wales, Australia). 3, 4 The pulse wave was calibrated by manual measurement (auscultation) of brachial BP taken immediately before the recordings. The peripheral pressure waveform was converted into a central aortic waveform using a validated generalized transfer function incorporated in SphymoCor software. Recordings where the systolic or diastolic variability of consecutive waveforms exceeded 5% or the amplitude of the pulse wave signal was less than 80 mV were discarded. All measurements were made by a single experienced trained technician unaware of the clinical history of the participants and with a low degree of intra-observer variability and a high degree of reproducibility. 3, 4 Central aortic PP (PPc) was determined as the difference between SBPc and diastolic BP (DBP). Aortic augmented pressure (Pa) was determined using SphygmoCor software and identified as the difference between SBPc and the first systolic peak of the aortic pulse wave. Incident wave pressure (Pi) was defined as PPc-Pa. To avoid obtaining negative aortic AIx values in young participants, AIx was determined as the pressure at the second systolic peak of the aortic pulse wave/the pressure at the first systolic peak of the aortic pulse wave expressed as a percentage.
In the present study we did not employ a "physiological aortic flow waveform" approach to wave separation analysis as in a pilot study conducted in 26 participants, the previously described physiological aortic flow waveform 5 did not closely approximate aortic flow waveforms in the present community sample. Moreover, a wide variety of aortic flow waveforms were identified in the 26 participants studied, precluding the possibility of identifying a single "representative waveform" which could be used for wave separation analysis.
Echocardiography continued. Left ventricular end diastolic internal diameter and septal (anterior wall) and posterior wall thickness were determined from transthoracic two-dimensional targeted M-mode echocardiographic images obtained in the parasternal long-axis view as previously described. 1, 2, 4 Variables were analysed according to the American Society of Echocardiography convention. 6 All measurements were recorded and analysed off-line by experienced investigators (CDL and AJW) who were unaware of the clinical data of the participants and whom had a low degree of inter-and intra-observer variability. [1] [2] [3] [4] Only M-mode images of acceptable quality were analysed. In this regard, acceptable quality was considered to exist when appropriate visualization of both the right and the left septal surfaces occurred and where the endocardial surface of the septal and posterior wall were clearly visible when imaging at the optimal angle of incidence (perpendicular to the posterior wall) and close to the mitral leaflets. Left ventricular mass was determined using a standard formula 7 and indexed (LVMI) to body surface area (LVMI-BSA) or height 1.7 (LVMI-ht 1.7 ). Left ventricular hypertrophy (LVH) was identified as an LVMI-BSA>95 g/m 2 for women and >115 g/m 2 for men. Stroke volume was evaluated from the difference between LV end diastolic and systolic volumes determined using the Zderived method. 8 
Results continued
Age-related increases in aortic hemodynamics. Pb, Pa and RI increased linearly across the adult lifespan, whilst Pf and Pi increased from between 40 and 50 years of age (figure S1). In contrast, age-related increases in AIx showed an increase in early life, which peaked at 50 years and then failed to further increase with age ( figure S1 ). In multivariate-adjusted models, including adjustments for mean arterial pressure (MAP), Pb, Pa and RI were independently and positively associated with age above and below 50 years of age, while Pf and Pi were only positively associated with age above 50 years of age and AIx was associated with age below 50 years of age (table S1). Similar findings were noted in men and women (table S2) and in participants not receiving antihypertensive therapy (table S3). A modest relationship between age and stroke volume was noted in participants over 50 years of age only (table S1). Figure S1 . Central (aortic) hemodynamic variables across deciles of age of the adult lifespan in a group of African descent (n=1185). See table 2 for multivariate adjusted relationships between age and aortic hemodynamic value in participants < or ≥ 50 years of age. Pi=Aortic pulse pressure-Pa. Mean±SD age in years and sample size at each decile of age are given in the figure. Table S1 . Multivariate adjusted relations between age and central aortic hemodynamics in age-specific categories in a group of African ancestry (n=1185).
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